Introduction
In the simple water-balance model, evapotranspiration (normalized by net radiation) depends on soil moisture 
where R n denotes net radiation (in W m 2 ), λ is the latent heat of vaporization (in J kg ), ρ w is the density of water
74
(in kg m 3 ) and c s is a model parameter that refers to the water holding capacity of the soil (in mm). Another model 75 parameter, β 0 (unitless), allows to capture the evaporative resistance of the soil and the vegetation, whereas the 76 parameter γ (also unitless) ensures a strictly monotonically increasing evapotranspiration ratio λρ w E n R n
77
Q n P n = w n c s α with α ≥ 0
79
where the exponent α ensures an increasing runoff ratio Q n P n with increasing soil moisture.
80
In order to account for the transport of subsurface runoff to streambeds and the traveling time of surface runoff 81 to the stream gauge site, Orth et al. (2013) distinguish between runoff and streamflow. The latter is computed 82 from the simulated runoff with an imposed delay:
where τ refers to the delay time scale (in days) that determines the streamflow S n+t at time n + t which results
84
from the runoff Q n at time n. The integral of 1 τ e − t τ equals 1 as t → ∞, such that all runoff is converted to 85 streamflow. The total streamflow at any time step can be computed from the previously generated runoff amounts: 
87
As in Orth et al. (2013) we compute the streamflow from the runoff amounts generated during the 60 preceding 88 time steps to account for > 99 of the runoff water.
89
To investigate the connection between streamflow and precipitation we furthermore define here the cumulative 90 weighted precipitation, which is the precipitation used to compute the runoff amounts that contribute to streamflow 
where t start and t end refer to the respective start and end dates of the considered half-monthly time period.
130
Starting 30 days prior to the beginning of the half-monthly interval and finishing 30 − t lag days after the end of 131 the half-monthly period, we obtain a number of correlations of which we take a trimmed average (not shown in 132 Equation (7); we avoid the 10% highest and 10% lowest values, as in Orth et al. 2013) to yield a representative 133 memory estimate for the particular half-monthly period.
134
In order to study the connection between soil moisture memory and the memory of streamflow and ET, 135 respectively, we consider in the following 30-day-lag memories that are computed as described above for all 136 quantities. To assess the impact of the investigated time scale we perform the same analysis using monthly 137 averaged data from which we compute the respective 1-month-lag memories.
138

Computation of persistence time scales
139
While memory is considered as lag correlation in the previous subsection and previous studies (e.g. Koster and
140
Suarez 2001, Orth and Seneviratne 2012), we relate the memories of soil moisture, streamflow and ET in this study 141 also to persistence time scales. This is more easily interpretable and allows us to study the respective memories 142 under different hydrological conditions.
143
For the computation of this persistence time scale we proceed as follows: (i) We define "normal" conditions at As this study is investigating the propagation of memory from soil moisture to streamflow and ET, it is necessary to 155 assess the extent to which streamflow and ET are driven by soil moisture. For this purpose, we introduce a measure
156
of the coupling strength between soil moisture and streamflow, or soil moisture and ET, respectively. We define the 157 coupling strength between soil moisture and streamflow (hereafter referred to as soil moisture-streamflow coupling 158 strength) as the correlation between them, ρ (S n , w n ). Similarly, to measure the coupling strength between soil 159 moisture and ET (hereafter referred to as soil moisture-ET coupling strength), we use ρ (E n , w n ).
160
The computation of these correlations is performed in a similar way as in Equation (7). Instead of correlating
161
estimates of a given quantity at day n from all years with the estimates of day n + t lag from all years, we correlate 162 estimates of one quantity at day n from all years with estimates of the other quantity at the same day n of all 163 years. Similar to memory, the coupling strengths are also computed as representative estimates for half-monthly 164 periods. that the quality of the modeled streamflow memory depends to some extent on the goodness of the streamflow 234 optimization.
235
In order to further validate the simple water balance model and the parameter fitting procedure we display the capacity tends to be higher, whereas in the Alps and at the Norwegian coast we find low water holding capacities. winter, which induces negative ET (condensation) and therefore increasing soil moisture; in some years it takes as 262 long as April or May to remove this moisture surplus with seasonally increasing net radiation.
263
Keeping these relationships in mind, the lower part of Figure 4 displays the evolution of modeled soil moisture, 264 streamflow and ET during the April-July 1998 dry-down period together with the corresponding precipitation and 265 net radiation forcing. The dashed red line indicating the observed streamflow evolution compares well with the 266 modeled streamflow in terms of the temporal evolution (on which we focus, see Section 2.1.2), pointing out 267 a reasonable performance of the model. The first month, April, is rather wet (high precipitation) and cloudy
268
(low net radiation). Consequently, the streamflow is high, responds strongly to precipitation, and its evolution 269 corresponds well with the soil moisture evolution, underlining the high sensitivity to soil moisture discussed above
270
(as soil moisture is still below the water holding capacity). In contrast to streamflow, ET is lower, mostly driven 
275
This illustrates the decoupling of streamflow from soil moisture under dry conditions. On the other hand, ET is 276 comparatively high and roughly follows the strong soil moisture decrease and the subsequent stabilization, although 277 net radiation is still the main driver, as a maximum in net radiation in the second half of June causes a pronounced 278 maximum in ET (even if soil moisture is decreasing). Finally, in July soil moisture has decreased to very low levels 279 such that the ET level is also lower and, more importantly, despite strong day-to-day variations in net radiation, 280 the ET evolution corresponds roughly to soil moisture. In contrast to the previous subsections that focused on particular months, all quantities discussed in this subsection
283
(memories, coupling strengths, variances) are computed as a mean of all months between May and September.
284
However, all mechanisms identified in the following also play a role for seasonal cycles of the memories of (modeled) 285 soil moisture, streamflow and ET in the specific catchments. almost all catchments. Largest soil moisture memory is found across Central Europe (Germany, eastern France).
295
We find generally weak soil moisture memory in mountainous areas (Alps, Massif central, Scandinavian mountains).
296
Note that these large-scale patterns correspond with the spatial distribution of the fitted water holding capacities 297 shown in Figure 3 , pointing out the importance of the storing capacity for soil moisture memory. As described in Section 2.1.1 streamflow depends on runoff (and therefore also on soil moisture and precipitation) 309 and on the delay time scale τ (Equation (5)). Therefore streamflow memory may result from propagating soil 310 moisture memory, but it is also induced by the delay time scale. ET depends on soil moisture and net radiation 311 (Equation (2)) and hence its memory may stem from soil moisture memory or net radiation memory.
312
For daily data, net radiation memory and precipitation memory are negligible. Therefore ET memory results
313
almost entirely from soil moisture memory, whereas streamflow memory is additionally impacted by the delay 314 time scale. On the monthly time scale, however, we find small but no longer negligible memories for radiation 315 and precipitation. Associated with that the forcing variabilities decrease towards longer time scales as day-to-day 316 variations are averaged out. Note that the variability of radiation decreases more strongly than that of P * n as it 317 already incorporates the joint impact of many daily precipitation sums. by the corresponding soil moisture memory, which suggests that streamflow memory to some extent originates 326 from soil moisture memory. However, in two catchments the streamflow memory clearly exceeds the estimated 327 soil moisture memory. This is because streamflow memory is not solely induced by soil moisture memory, but it 328 may also be generated through the delay time scale τ , i.e. by (slow) transport of runoff water to the streambed 329 and in the streambed towards the stream gauge station. The delay time scale that is among the longest in these 330 2 catchments. However, despite the impact of the delay time scale, the main control of streamflow memory is its
331
Using color coding, Figure 6 also shows the respective soil moisture-streamflow and soil moisture-ET coupling 333 strengths (see Section 2.5). Streamflow memories are found to be dependent on ρ (S n , w n ). Almost all catchments 334 that show comparatively high streamflow memories, also show comparatively high ρ (S n , w n ) together with also 335 relatively high soil moisture memories. This supports the above-described propagation of soil moisture memory.
336
For the ET memory the link to ρ (E n , w n ) is less clear, nonetheless most of the catchments with comparatively 337 high ET memory also display a higher ρ (E n , w n ). In most catchments ρ (E n , w n ) is weaker than ρ (S n , w n ), 338 which explains why streamflow memory exceeds ET memory.
339
Whereas streamflow memories increase only slightly from daily to monthly time scales, the ET memories 340 increase much stronger. This is because ρ (E n , w n ) increases stronger than ρ (S n , w n ) for most catchments, are mostly controlled by soil moisture memory and the respective coupling strength, ρ (E n , w n ) or ρ (S n , w n ), as 345 on the daily time scale.
346
When computing the memory of evaporative fraction E n R n instead of ET on the daily time scale (not shown)
347
we find far stronger memory that is similar to soil moisture memory, underlining the strong weakening impact of 348 daily net radiation variability on ET memory. Similarly, the memory of Q n P n is similar to soil moisture memory on 349 the daily time scale (not shown), and therefore stronger than that of streamflow, which underlines the weakening 350 impact of day-to-day precipitation variability.
351
Summing up, we have shown in this section that streamflow and ET memory depend on (i) soil moisture 352 memory, which also acts to some extent as an upper limit, (ii) the strength of the coupling to soil moisture, and coupling strengths increase significantly in many catchments. This is also reflected in a clear increase of the 367 standard deviation of all respective soil moisture-ET coupling strengths.
368
The soil moisture-streamflow coupling ρ (S n , w n ) is overall clearly stronger than the soil moisture-ET coupling 369 ρ (E n , w n ). It is comparatively weak in coastal areas (Great Britain, Norway) and rather strong in flat, continental 370 regions (Germany, France). However, in coastal areas around the Baltic sea (Denmark, Estonia, Finland) there is 371 no reduction in ρ (S n , w n ). Overall, large-scale variations are dominant, although in some regions (e.g. Norway
372
and Great Britain) partly great differences are found for nearby catchments.
373
For the soil moisture-ET coupling ρ (E n , w n ) small-scale variations are more prominent than large-scale vari-374 ations, especially on the monthly time scale. In southern France the coupling is particularly strong due to the 375 dry regime under which soil moisture is rather low and the ET function slope rather high (see Section 4.2).
376
Negative ρ (E n , w n ) as seen at the monthly time scale for some catchments in central and northern Europe can 377 be explained with very low slopes of the fitted ET ratio functions in these catchments; as a consequence ET de-378 pends almost entirely on net radiation which is usually negatively related with precipitation and hence soil moisture. (5) and (2); and shown exemplary for the Le Saulx catchment in Figure 4 ), (ii) the variance of the forcing, i.e. of cumulative weighted precipitation (P * n , Eq. (6)) and net radiation (R n ). We consider the 388 forcing variances as they influence the translation of a soil moisture signal into streamflow and/or ET. For instance 389 even if the respective slope is high, the respective coupling strength may be reduced by a high forcing variance.
390 Figure 9 shows the impact of both drivers described above on the two coupling strengths for daily and monthly 391 averaged data. Every point (streamflow) and every triangle (ET) represents one catchment. The respective slopes 392 of the fitted runoff and ET functions are plotted on the y-axes and the forcing variances can be read from the 393 color coding of the symbols.
394
Focusing on ET first, we find increasing ρ (E n , w n ) with increasing mean slope of the ET function on both 
397
This is because day-to-day variations are averaged out, which also causes a stronger increase of ρ (E n , w n ) with 398 increasing slope of the ET function.
399
Interestingly, ρ (S n , w n ) does not increase with increasing runoff function slope, but instead it decreases 400 slightly on both considered time scales. Apart from the slope, ρ (S n , w n ) is also controlled by the variance of the 401 atmospheric forcing (cumulative weighted precipitation P * n ). Different precipitation variances cause a gradient in 402 the coupling strengths of catchments with similar slopes. The rather strong role of the precipitation variance for 403 ρ (S n , w n ) compared to the role of the radiation variance for the soil moisture-ET coupling is due to the much 404 larger spread of the precipitation variances between all catchments, as shown in the color bars in Figure 9 . Note, 405 however, that the displayed variance of P * n is not strictly a forcing variance as P * n is determined in part by the 406 delay time scale τ (see Equation (6)), which means consequently that also τ may impact ρ (S n , w n ).
407
The scheme in Figure 7 summarizes all the relationships investigated above. It also illustrates how ρ (S n , w n )
408
and ρ (E n , w n ) feed back on soil moisture memory. The stronger streamflow and ET respond to soil moisture, 409 the more they tend to dampen initial soil moisture anomalies. For instance a dry anomaly causes a decrease in 410 streamflow and ET, whereas a wet soil moisture anomaly would cause a strong increase, especially in streamflow
411
(see Figure 4) . The impact of the initial soil moisture anomaly for the subsequent soil moisture memory is discussed for streamflow in Figure 9 .
415
As discussed in Section 4.3.3, streamflow memory exceeds ET memory in almost all catchments on the daily time 417 scale and in most catchments on the monthly time scale. This is caused by the stronger coupling of streamflow to 418 soil moisture (ρ (S n , w n ) > ρ (E n , w n )) found in most catchments. The reason for this is that the runoff function 419 slopes typically exceed the ET function slopes in the investigated catchments. Also the forcing variabilities play 420 a role. As described in Section 4.3.3, they decrease with increasing time scale because day-to-day variations are 421 averaged out, but the radiation variability decreases stronger, which explains why the ET memory increases more 422 than the streamflow memory with increasing time scale.
423
The larger runoff function slopes and the consequently stronger impact of streamflow on soil moisture dynamics Note that we do not investigate persistence in ET here as there is almost no memory on the daily time scale as 439 shown previously in Figure 5 . We find that it takes generally longer to recover to normal conditions from strong 440 anomalies than from medium anomalies. In other words, the stronger an initial anomaly, the more pronounced the strength of the subsequent memory is also included in the schematic provided in Figure 7 .
445
Comparing persistences of dry and wet anomalies we find that for soil moisture dry anomalies persist longer, follow an exponential than a normal distribution.
456
Figure 11 displays a comparison of memories computed as lag correlation and as persistence time scales.
457
As above, we focus on soil moisture and streamflow, and we additionally investigate observed streamflow. The 
474
Further, this study investigated the connection between soil moisture memory and both streamflow and ET 475 memory. We showed that soil moisture memory to some extent serves as an upper bound for streamflow and
476
ET memory. Furthermore we defined measures of the coupling between soil moisture and streamflow as well as 477 between soil moisture and ET and found that the strengths of these couplings also determine the memory strength 478 of streamflow and ET, respectively. These findings explain why one can infer that the memory propagates from 479 soil moisture to streamflow and ET as illustrated in Figure 7 . As streamflow and ET are moreover driven by the 480 meteorological forcing, also the (small) memories of cumulative weighted precipitation and net radiation (only on 481 the monthly time scale) play a (minor) role for the strength of their respective memories.
482
Comparing the results for daily and monthly time scales we generally find higher memory for monthly averaged 483 data and for all three quantities. This is due to the reduced impact of the day-to-day variations of the meteorological 484 forcing.
485
Figure 7 also displays the special role of the coupling strengths between soil moisture and streamflow as well
486
as between soil moisture and ET. We showed that the soil moisture-ET coupling is mostly controlled by the slope 487 of the fitted (normalized) ET function whereas the soil moisture-streamflow coupling is strongly related to the 488 variance of the weighted cumulative precipitation. In most catchments, the ET function slope is smaller than the 489 runoff function slope, which is the main reason for the generally weaker coupling between soil moisture and ET
490
and the consequently lower ET memory as compared to streamflow memory.
491
In the last part of this study we introduced an alternative approach for computing memory to study its 492 dependency on different hydrological conditions. Instead of using a lag correlation we calculated the mean time 493 required to recover from anomalous conditions above a certain threshold to normal conditions. Applying the 494 new methodology we found increased memory under more extreme conditions, as illustrated in Figure 7 by the 495 positive impact of the initial soil moisture anomaly on subsequent soil moisture memory. We further point out
496
that soil moisture memory is strongest for dry anomalies whereas streamflow memory is stronger during wet anomalies (in the investigated catchments). These results have important implications for sub-seasonal forecasts 498 of dry and wet soil moisture and streamflow anomalies, including drought and flood events. As the resulting 499 20 persistence time scales are expressed in days, this measure of memory it is more easily interpretable, which is of 500 particular relevance for applications and practitioners. We show consistency between the two approaches, which 501 is furthermore underlined by the consistency of the derived geographical soil moisture and streamflow memory 502 patterns. We also find that the persistence time scales are exponentially related to the respective lag correlations,
503
pointing out a special importance of high lag correlations identified for soil moisture.
504
Acknowledgments 505 We acknowledge the Swiss National Foundation for financial support through the NRP61 DROUGHT-CH project. (5)) and ET (Equation (2)) functions for the Le Saulx catchment in eastern France (indicated by an arrow in Figure 1 ). The background histogram shows the relative abundance of soil moisture contents between April and October. b) Time series of forcing (net radiation at the top, precipitation at the bottom) and according output of the simple model (soil moisture, streamflow and ET in between the forcings) from the Le Saulx catchment during a pronounced dry-out period from April until July 1998. The dashed red line indicates the evolution of the observed streamflow. The fitted water holding capacity for this catchment is 170 mm, such that the normalized streamflow function reaches 1 at this soil moisture content. Note that the ET time series has been smoothed to facilitate the readability of the graph such that each value represents the average of the current day, the three preceding days and the three following days. (w n , w n+lag ) , upper row), streamflow (ρ (S n , S n+lag ), center row) and ET (ρ (E n , E n+lag ), lower row) for daily and monthly averaged data (all memories computed for a lag of 30 days (daily data) or 1 month (monthly data)) computed as described in Section 2.3. Figure 6: Streamflow (dots) and ET (triangles) memories ρ (S n , S n+lag ) and ρ (E n , E n+lag ), respectively, of all selected catchments plotted versus the corresponding soil moisture memories ρ (w n , w n+lag ) for daily and monthly averaged data (all memories computed for a lag of 30 days (daily data) or 1 month (monthly data)). The color coding denotes the strength of the soil moisture-streamflow coupling ρ (S n , w n ) and the soil moisture-ET coupling ρ (E n , w n ), respectively (see Section 2.5). Figure 8: Geographical distribution of mean May-September soil moisture-streamflow (upper row) and soil moisture-ET (lower row) coupling strengths ρ (S n , w n ) and ρ (E n , w n ), respectively, for daily and monthly averaged data. Respective strengths are shown through the color coding. In the upper left corner of each plot the mean and standard deviation over the selected catchments are displayed. Figure 9: Soil moisture-streamflow (dots) and soil moisture-ET (triangles) coupling strengths, ρ (S n , w n ) and ρ (E n , w n ), respectively, plotted against the respective runoff and ET function slope (computed as described in Section 4.4.2) for daily and monthly averaged data. The color coding denotes the variance of the weighted precipitation sum precipitation (P * n ) and of radiation, respectively. All involved quantities computed as means from May-September. Points that do not fit with the range of the x-and/or y-axis are also included together with an arrow pointing in the direction of their actual location and the true value displayed next to it. Figure 10 : Overview of mean durations to recover from (very) dry/wet conditions (1.33 and 1.66 standard deviations away from the respective daily mean of the respective quantity) to normal conditions (± 1 standard deviation around the mean) for (modeled) soil moisture and streamflow. The results are based on daily data. In the upper left corner of each plot the median over all selected catchments is displayed. Gray color indicates that no persistence can be computed because the applied threshold is almost never reached. Figure 11: Comparison of memory estimates computed as lag correlation and as persistence time scale (based on anomalies of 1.33 standard deviations from the mean) for modeled soil moisture and streamflow (left and middle) and observed streamflow (right). Red points refer to persistence time scales estimated from dry anomalies whereas blue points are derived from wet anomalies. The red and blue lines denote the respective linear least-squares fit. Note the logarithmic scale of the persistence time scale.
